Introduction
The late Peter Thorogood, a much-respected Developmental Biologist, told of an instance when, as a new postdoc, he was informed by a senior professor of Zoology that ''the only interesting thing about vertebrates was the neural crest''. Although at the time this seemed to him to be a bit of hyperbole, Peter began to appreciate that underlying this overstatement there was an important message. Indeed, just a few years later Gans and Northcutt published their hugely influential paper ''Neural crest and the origin of vertebrates: a new head'' which explicitly made the point that many of the features that distinguish the vertebrates from their nearest relatives have their origin in the neural crest, and that the evolution of the neural crest was central to the evolution of the vertebrates. (1) The neural crest was thus seen as being an innovation that appeared coincident with the vertebrates. However, it is now becoming apparent that neural crest cells have a more protracted and gradual evolutionary history and that steps in their emergence can be uncovered. The identification of the stepwise evolution of the neural crest exemplifies an emergent theme in evolutionary developmental biology, which is the attempt to uncover how key features have been assembled during evolution.
The neural crest
Neural crest cells are a transient embryonic progenitor population that emerges from the dorsal neural tube during early development. The induction of the neural crest begins with an interaction between the epidermal ectoderm and the neural plate to induce the neural plate border. Subsequently, neural crest cells form within the border regions, which rise as neural folds, ultimately converging to form the dorsal midline of the neural tube, and it is from here that the neural crest cells will emerge in an anterior-to-posterior sequence (Fig. 1 ). These cells migrate into the periphery along stereotypical pathways to a number of sites at which they stop migrating. During and after migration, cells differentiate into a very wide range of derivatives that have long been grouped into two categories: ectomesenchymal and non-ectomesenchymal (Fig. 2) . The ectomesenchymal derivatives include bone, cartilage and dentine. The non-ectomesenchymal derivatives encompass neurons and glia, and diverse pigment cells including melanocytes. There are thus two key features of the neural crest; these cells are migratory and multipotent. A cell type such as this, which can be deployed at a range of sites in the embryo and which can be utilised in a variety of different ways, is clearly a very useful evolutionary innovation and vertebrate evolutionary history is a testament to this potential.
Scenarios for the origin of neural crest
Inevitably, there has been a long-standing interest in explaining the evolutionary emergence of neural crest. Gans and Northcutt derived hypotheses for the emergence of vertebrate neural crest within a scenario that encompassed development, organismal and ecological evolution, ultimately bringing about the emergence of jawed vertebrates from invertebrate relatives. (1, 2) However, their scenarios barely touched upon the emergence and evolution of neural crest itself, although they speculated that vertebrate neural crest may have evolved from primary sensory neurons in antecedent invertebrates. (2) This scenario was more fully developed by Fritsch and Northcutt who argued more specifically that neural crest evolved from Rohon-Beard cells, a class of primary sensory neurons that occur in the dorsal spinal cord of chordates, projecting axons peripherally onto the lateral migration pathway between the somites and the epidermis that is also used by vertebrate neural crest cells. (3) They suggested that dorsal root ganglia evolved from Rohon-Beard cells that had delaminated from the dorsal spinal cord sensory neurons and that subsequently migrated onto the medial pathway.
Under the Fritsch-Northcutt scenario, peripheral RohonBeard cells would need to dedifferentiate and divide to form the sensory neurons and glia of the dorsal root ganglia and, unfortunately, neurons of the central nervous system are not known to dedifferentiate (hence the paucity of neuron-derived tumours in the central nervous system). Alternatively, their hypothesis could be revived by arguing that the evolutionary developmental origin of neural crest and, more specifically, the sensory neurons and glia of the dorsal root ganglia, is to be found in the migration of mitotically active Rohon-Beard progenitor cells from the dorsal neural tube. There is some experimental evidence in support of this scenario. For instance, it has been shown in zebrafish that Rohon-Beard neurons and neural crest cells form part of an equivalence group (i.e. are alternative derivative cell fates of a common precursor), with Notch/Delta signalling necessary to segregate the two fates. (5, 6) Furthermore, the transcription factor Prdm1 is required for specification of both Rohon-Beards and neural crest in zebrafish. (7) (8) (9) Neural crest cells could thus be considered a subset of Rohon-Beard precursors that delaminate from the nascent spinal cord and migrate into the periphery. Scenarios, however, appear to have run their course in attempts to explain the evolutionary origins of vertebrate neural crest. Although experimental support can now be marshalled, it has not been, in part because scenarios have attracted the view that they are untestable. (10) More importantly, however, has been the development of molecular methods to characterise or even define neural crest in vertebrates and, subsequently, to divine its origins in invertebrates.
Molecular signatures define neural crest and divine its evolutionary origin Classical developmental biology has given way to molecular genetics in the study of neural crest during development and Figure 1 . Stages in the formation of the neural crest. A: At the neural plate stage, the non-neural ectoderm signals to the neural plate, primarily through the actions of Bmps and wnts, to specify the neural plate border region. The notochord underlies the midline of the neural plate. B: As neurulation progresses, the neural plate infolds and the neural plate border rises up and forms the neural folds. At the ventral midline of the neural plate, the floor plate is induced to form by the notochord. The floor plate and notochord will act to pattern the ventral neural tube. C: Following apposition of the neural folds and their fusion across the midline, the neural tube is forms. The neural crest cells emigrate from the dorsal most region of the neural tube, which is derived from the neural folds. This dorsal territory will also generate the roof plate, and this structure will act to pattern the dorsal neural tube. evolution such that, over the last decade, there has been a torrent of experimental evidence concerning the role of various molecular factors in the generation of the neural crest ( Table 1 ). The induction of neural crest cells has been shown to involve Bmps and Wnts that are expressed in the epidermal ectoderm and which act to promote the formation of premigratory neural crest cells at the edge of the neural plate. Expression of neural crest cell marker genes is preceded by expression of other genes important in neural crest cell induction, including Zic, Pax3 and Pax7, which are expressed more broadly in the neural plate, msx1 and msx2, which are expressed in the neural folds and non-neural ectoderm, and Dlx, which is expressed in the non-neural ectoderm only. Together, these factors induce expression of a number of transcription factors including Ap2, cMyc, Foxd3, Id, Slug/Snail, Twist and Sox9 and Sox10 in a subset of neural Armed with this information, attempts have been made to identify evolutionary rudiments of neural crest among invertebrates, principally the two clades of invertebrate chordates, the tunicates (e.g. Ciona) and, most especially, the cephalochordates (e.g. Branchiostoma) which, for over a century, have been accepted as the closest living invertebrate relatives of the vertebrates. The main modus operandi has been to examine the expression of one or more 'neural crest genes' during stages of neurulation when neural crest cell delamination occurs in vertebrates. (11) (12) (13) However, more recently, BronnerFraser and colleagues have gone further and, rather than attempting to characterise neural crest by one or more putatively definitive gene, they have attempted to uncover the entire gene regulatory network underpinning neural crest induction, differentiation and migration. (14) (15) (16) Inevitably, this encompasses more than induction of neural crest alone, and includes all that precedes it, including the induction of the neural plate itself, and all that proceeds it, including the migration and specification of neural crest derivative cell types, leading to an holistic definition of a neural crest cell. (14, 15, 17) Using this definition, they have sought to compare hypothetical gene regulatory networks between vertebrates and invertebrate chordates, (15, 16, 18, 19) attempting to find evidence of the evolutionary emergence of neural crest and the assembly of its gene regulatory network. Collectively, both gene and gene-network surveys for neural crest among invertebrate chordates have demonstrated that Bmp2/4 is expressed in the non-neural ectoderm, and that Pax3/7, msx1/2, Zic and slug/snail are expressed at the neural plate border. However, expression of Id, Ets, Twist, SoxE (a member of the SoxE paralogy group to which vertebrate Sox9 and Sox10 genes belong) and FoxD (a member of the FoxD paralogy group to which the vertebrate Foxd3 gene belongs), were not found at this position. Indeed, the majority of genes implicated in a neural crest gene regulatory network are expressed in mesodermal, rather than neural plate derivatives. (19) These results have been interpreted to indicate that, although components of the genetic programme that directs neural crest in development were present in invertebrate chordates, it was not until the emergence of neural crest at the establishment of the vertebrate lineage that the regulatory gene network was ultimately established. Thus, an evolutionary rudiment of neural crest cells exists in invertebrate chordates, but it was only after the evolution of the vertebrates that the other key genes required for neural crest production were recruited into this programme. (18) (19) (20) (21) Thus, it has been concluded that neural crest cells are an exclusively vertebrate characteristic.
Problems with molecular signatures and definitions
There are, however, limitations to the molecular signature approach, or at least the manner in which it is applied. Firstly, it must be appreciated that the generation of the neural crest occurs within a more general framework that is acting to specify dorsal neural tube fates among chordates, and the neural plate among animals more generally. In vertebrates, the inductive interaction between the epidermal ectoderm and the neural plate results in the formation of the neural folds, which subsequently give rise to neural crest cells and dorsal neural tube cells (Fig. 1 ). Lineage-tracing experiments have shown that, even if cells are marked just before migration, labelled progeny can be found in both the neural crest and the dorsal neural tube. (22) Thus, the conserved deployment of genes at the interface between the neural plate and the nonneural ectoderm may not indicate the presence of prospective neural crest cells but, rather, dorsal neural tube cells. (23) Both cephalochordates and vertebrates display pronounced dorsoventral nerve cord organisation. In both, sensory neurons lie dorsally, while motor neurons are found ventrally. Thus it is probable that the expression of Bmp2/4 in the non-neural ectoderm and Pax 3/7, Msx and Zic genes at the edge of the neural plate rather reflects conservation in the patterning of the nerve cord, (13, 14, 18) rather than latent homologies. (11) Overwhelming support for this view comes from the more distant branches of animal phylogeny where, in a study of the formation of the nervous system in annelid embryos, it has been shown that the specification of the neural plate border, involving a common suite of genes, is conserved across Bilateria. (24) Thus, in Platynereis dumerilii, the non-neural ectoderm expresses Bmp2/4, while the cells at the edge of the neural plate express the Msx, Zic and Pax3/7 genes, bounded laterally by Dlx-expressing cells, just as in vertebrates. Thus, there are few, if any, definitive neural crest genes that may be used in isolation as molecular signatures of neural crest and so attempts to find an evolutionary rudiment of neural crest among invertebrate chordates, characterised by the expression of a 'neural crest gene', (11, 25) were ultimately futile.
Instead, all that these studies identified were conserved patterning mechanisms for the mediolateral/dorsoventral organisation of nervous systems that are general to Bilateria as a whole (Fig. 3) .
Attempting to use a network definition to explore the evolutionary origin of vertebrate neural crest is also problematic. This occurs in part because no experimentally verified network of transcription factors and their binding sites in target genes expressed in neural crest development has yet been established for any vertebrate, and so no comparative analysis can be undertaken to determine the nature of the neural crest gene regulatory network primitive to vertebrates. BronnerFraser and colleagues have made heroic strides towards this ultimate goal, determining the dramatis personae of the neural crest gene regulatory network in Xenopus (14) and lamprey, (16) and they have even undertaken comparative analysis of the expression domains of orthologous genes in cephalochordates. (14, 19) However, it would be a grave mistake to extend this description of neural crest regulatory development to a molecular definition of neural crest, as some have suggested. (14, 15, 17) Defining neural crest cells in such restrictive, Figure 3 . The evolutionary assembly of the neural crest gene regulatory network (GRN). Across the tips of the tree, we have indicated by the extent of the box, enveloping more or less branches, the evolutionary addition of the various elements of the neural crest GRN as identified by Sauka-Spengler and colleagues. (16) This clearly shows that, although functional integration of neural crest specifiers and effectors into the GRN occurs only in vertebrates, the early patterning and neural plate border specification network components have a much-more-protracted evolutionary history, extending at least to the last common ancestor of triploblastic bilaterian eumetazoans. The integration of the key signalling molecules and transcription factors into the neural crest GRN should not, however, be confused with the evolutionary origin of these factors, the majority of which were present in the last common ancestor of metazoans, as indicated by their point of origin in the internal branches of the tree. Finally, the apparent point of evolutionary origin of major neural crest cell phenotypes is also indicated on the internal branches of the tree.
descriptive terms, particularly in ignorance of the core elements of the regulatory network that are both exclusive to neural crest and primitive to living vertebrates, precludes any attempt to study the evolutionary origin of neural crest. Furthermore, such an essentialist typological definition is incompatible with incontrovertible evidence that neural crest has evolved. Neural crest cells did not appear pluripotent ex nihilo, but have gradually acquired their better known repertoire of cell fates (26) through vertebrate phylogeny (see below) and evidence from neural plate specification in invertebrates demonstrates that their gene regulatory network is not irreducibly complex. Thus, the characteristics of neural crest exhibited by living vertebrates must have been assembled progressively in members of the vertebrate stem lineage (extinct intermediates of living vertebrates and the last common ancestor they shared with tunicates), or even deeper in chordate phylogeny, after the initial emergence of neural crest (Fig. 3) . Indeed, problems may be beginning to emerge with the entire enterprise of defining cell types on the basis of a molecular signature, (27) at least in the manner that it is currently practised. For example, Martindale and colleagues have shown that a cohort of genes, orthologues of a regulatory gene network necessary for specification of mesoderm in triploblasts, is expressed in the endoderm of cnidarianswhich are classically interpreted to lack mesoderm. (28) Similarly, Kosik and colleagues demonstrate that components of a synaptic protein scaffold are present and are co-localised during the development of a sponge and, yet, sponges lack synaptic neurons. (29) In these instances, attempts have been made to reinterpet the evidence in two mutually exclusive ways: (i) to reinterpret the anatomy, contradicting classical interpretations and, (ii) to accept classical interpretations and instead to argue that components of the necessary gene regulatory network are in place, and that they represent an evolutionary exaptation. (30) However, this serves only to fudge their molecular definition, and we should be alarmed because the cnidarian 'mesoderm' and the 'synaptic neurons' of sponges represent instances where the molecular definition clearly fails, and where phenotypic qualifiers prove critical to identify the presence or absence of characters.
Tunicates and the induction of a diagnosis for neural crest How might we explore the evolutionary origin of vertebrate neural crest, if not solely on the basis of a molecular signature? It would be erroneous to represent earlier attempts to discover rudimentary neural crest as casting around the embryos of invertebrate chordates looking for any cells expressing 'neural crest genes'. Implicitly or explicitly, these experiments have correctly focussed upon the border of the developing neural plate as the most-likely site for discovery, (31) and the epithelial-to-mesenchymal transition of neural crest cells as a diagnostic behaviour, (32) but even this combination of characters, together with molecular corroboration, (31) has not been persuasive because the molecular evidence reflects components of neural plate, rather than specifically neural crest, patterning, and the phenotypic evidence does not distinguish neural crest from neuronal cells more generally. Nevertheless, there must be scope for a phenotypic diagnosis of neural crest or else there would not be the rich history of research into neural crest development, extending beyond the advent of developmental genetics, to the early nineteenth century.
A breakthrough in our perception of neural crest has been afforded by analysis of ascidian tunicates (33) and, in particular, of Ecteinascidia turbinata. (34) E. turbinata is a colonial ascidian that has a giant tadpole that initiates adult development in its head at a relatively early stage in comparison with other ascidians. The size of this species renders it amenable to cell tracing studies, and it is these that have revealed the presence of 'neural crest-like cells'. Bill Jeffery and colleagues (34) were able to inject small amounts of the lipophilic dye DiI into the neural tube of E. turbinata at different anteroposterior levels and at different times. They found that cells could first be seen to be migrating away from the anterior neural tube and then subsequently from the posterior. After leaving the neural tube, these cells populated the siphons and differentiated to form orange pigment cells. The migratory cells of Ecteinascidia can be labelled with the HNK1 antibody, which marks avian neural crest cells, and they have been shown to express a Zic gene. These cells appear similar to vertebrate erythrophores, and genomic analysis in Ciona has identified orthologues of the pteridine synthetic enzymes required for synthesis of xanthophores/erythrophore pigments; (35) biochemical and genetic characterisation of these cells to evaluate their true affinity is now a priority. So are the migratory cells identified in Ecteinascidia neural crest cells? The authors were circumspect in their original description of 'neural crest-like cells', (34) and an air of scepticism has surrounded these data, awaiting evidence of association with molecular factors integral to vertebrate neural crest development. (18, (36) (37) (38) Fundamentally, the answer to this question rests with how neural crest is defined and, as we have seen, a tightly prescribed molecular definition is not appropriate. Instead, what is needed is a more specific but less restrictive diagnosis of what neural crest is, focusing on the fundamental characteristics of neural crest cells. Regardless of whether we accept the presence of neural crest cells in Ecteinascidia, this evidence forces us to consider the basic characteristics of neural crest. These are elements, also, of the original scenarios that attempted to explain the evolutionary origins of neural crest from Rohon-Beard cells. (2, 4) In both, it has not been the molecular evidence marshalled, but the principal characters observed or predicted in cell behaviour. These characteristics are:
1. cells that emerge from the neural tube and migrate into the periphery, and 2. differentiate and generate one or more derivative cell types associated with vertebrate neural crest cells.
The neural crest-like cells in Ecteinascidia display these characteristics. The cells migrate from the neural tube in an anterior-to-posterior sequence, and they populate the periphery where they form orange pigment cells that resemble vertebrate erythrophores, a major neural crest derivative. The generation of other cell types, in particular neurons and glia, from these cells is readily conceivable because these cells are derived from the neural tube, (13) though this has yet to be demonstrated. In addition, there are already indications that another type of pigment cell, likely a melanophore, is also found in diverse ascidians and expresses the HNK-1 marker, (33) although it remains to be seen whether these are derived by delamination of cells from the CNS and whether they share a precursor with the orange pigment cells. Thus, although some key tests remain, the evidence presented so far indicates that neural crest may well be an innovation of invertebrates, not of vertebrates. Of course, it remains possible that these delaminating ascidian cells might be an independent evolutionary experiment, simply analogous to vertebrate neural crest. (15) After all, there is a general absence of 'neural crest specifier' gene expression from the neural plate border of ascidians. The principle cell phenotype supporting the identification of neural crest-like cells, the orange erythrophore-like pigment cells, is surprising given that they are a derived, not a primitive pigment cell type of vertebrates. Furthermore, tunicates have not, generally, been considered to be the closest invertebrate relatives of the vertebrates-that place has been taken by the cephalochordates which, as we have seen, have yielded no persuasive evidence of the presence of neural crest. (11) These objections are not insurmountable. In regard to the first, it has already been argued that previous studies did not choose the most-appropriate stage of development of the most appropriate ascidians in which to find evidence of neural crest. (39) With reference to the second, there has been no serious undertaking to map out the phylogenetic distribution of neural crest-derivative cell types so, in reality, it is not so clear whether erythrophores are more or less ancient than other more familiar neural crest derivatives, such as melanocytes. Finally, the apparent absence of neural crest cells in amphioxus may be due to a secondary loss of these cells, (18) or due to the fact that they are to be found at later stages of development, (37) which have not as yet been analysed.
However, it is also probable that the lack of neural crest cells in cephalochordates is representative of an evolutionary grade more primitive than tunicates and vertebrates. This view, which contradicts several decades of dogma concerning the relationships of the chordates, has recently found favour in molecular phylogenies which seem recently to have become incapable of returning anything other than tunicates, rather than cephalochordates, as the closest living relative of vertebrates. (40) (41) (42) (43) (44) This would suggest that neural crest cells evolved in the lineage leading to tunicates and vertebrates, the clade Olfactores, after its divergence from the cephalochordate lineage. Clearly, there is evidence both to support and doubt the identification of bona fide neural crest cells in ascidian tunicates such as Ecteinascidia and key tests of their homology remain to be conducted. Firstly, the multipotency of these cells must be tested. This will require either detailed analysis of cell fates in vivo, to determine whether or not they generate diverse cell types, or an in vitro analysis of their differentiation potential. Demonstration of multiple fates would support homology, but failure would not, unfortunately, lead to a rejection of homology. Secondly, it would be instructive to determine whether orthologues of genes involved in vertebrate pigment cell specification are expressed in the neural crest-like cells of Ecteinascidia, (here the general lack of knowledge of erythrophore genetics will currently be limiting, but this cell type is closely related to the xanthophore, so the quest is far from hopeless). A positive result would certainly strengthen the case for an invertebrate neural crest.
In one sense, it remains integral that we resolve the case for homology between ascidian neural crest-like cells and vertebrate neural crest. If these cell lineages prove to be historical phylogenetic homologues, it opens a new vista on the origin of a key evolutionary innovation that underpinned the emergence of vertebrates, and the mechanistic basis by which novel cell types-the only accepted metric of evolutionary complexity (45, 46) -evolve. In other senses, however, it hardly matters. Firstly, if the neural crest-like cells of Ecteinascidia and its kin prove to be a convergent innovation, we would nevertheless have to infer that such a stage occurred in the evolution of neural crest. Secondly, this entire debate lays bare the fact that there is no such entity as 'vertebrate neural crest'. Neural crest manifests quite a different repertoire of derivative cell types in organisms representative of different evolutionary grades within vertebrate phylogeny (see below). We can come to better understand neural crest evolution, not by plumbing its very origin, but instead by determining the phylogenetic order in which its derivative fates were acquired and, ultimately, determining the manner in which its regulatory gene network has evolved to effect this. Furthermore, investigations of this kind are not hostages to changing perspectives on whether or not tunicates possess an historical phylogenetic homologue of the neural crest encountered in vertebrates.
Given the absence of neural crest derivatives in Amphioxus, and given the wide complement of derivatives in living jawless fishes, it has been possible to say rather little about this in the past. Vertebrate neural crest cells show an impressive range of neuronal fates and, for the moment, the generation of sensory and autonomic neurons and glia from neural crest cells would seem to be a vertebrate apomorphy. Dorsal root ganglia, and an enteric and parasympathetic nervous system are present in the most-primitive living vertebrates, though a sympathetic nervous system is known from living jawed vertebrates alone. (47) Melanophores are present in hagfishes (48) and lampreys, (49) but xanthophores and iridophores have appeared to be an apomorphy of living jawed vertebrates. (50, 51) Vickaryous and Hall (52) describe 47
neural crest-derived cell phenotypes in humans; precisely when did these novel cell types emerge during vertebrate phylogeny?
The evolutionary emergence of ectomesenchymal potentiality in neural crest While it appears that neural crest cells with the ability to generate some non-ectomesenchymal derivatives of the neural crest could have evolved prior to the emergence of the vertebrates, the production of ectomesenchymal derivatives is a different, vertebrate, story. There is clear evidence of ectomesenchymal fates in lampreys where cranial and pharyngeal cartilages are known to be of neural crest origin. (53, 54) Given overwhelming molecular phylogenetic support for the monophyly of hagfishes and lampreys, (40, (55) (56) (57) ectomesenchymal potential of neural crest must be a synapomorphy of living vertebrates at the very least. Significantly, the fossil record provides evidence for the rapid emergence of other ectomesenchymal fates after the divergence of lampreys and hagfishes from the gnathostome lineage. Stem-gnathostomes, that is, extinct jawless vertebrates that are more closely related to living jawed vertebrates than living jawless vertebrates, are largely characterised by their extensive mineralised dermal armour. Although the dermoskeleton shows a sequential acquisition of the characteristics of crown-gnathostomes, from its first manifestation, it incorporates dermal teeth composed of enameloid, dentine and dermal bone, (58, 59) all of which-but especially dentineare contingent on neural crest for their development in extant vertebrates. Critically, these tissues are present at all axial levels, demanding that trunk, not just cranial neural crest was skeletogenic in these earliest skeletonizing vertebrates, (60) a potential that is retained, albeit repressed, in amniotes. (61) Fate specification in development and evolution Neural crest has long been the focus of attempts to explain the origin of vertebrates because it is implicated in the development of key phenotypic characters of vertebrates. We suggest that vertebrate evolution may be better understood by examining the evolution of neural crest itself, and developmental studies suggest that this must involve the emergence of novel extrinsic cues coupled with novel responses by the neural crest cells to realise new fates. Indeed, there is already a considerable volume of experimental insight into the most fundamental fate segregation, between ectomesenchymal and non-ectomesenchymal and, as examples, we provide a brief outline how these fates may have been established during vertebrate evolution. The paths of neural crest cell migration in the trunk are dictated by the somites, and there is a correlation between the migration path and neural crest cell fate. Cells that migrate early move ventrally and are funnelled through the anterior half sclerotome of each somite and form only nonectomesenchymal derivatives. Many of those cells that migrate furthest ventrally will arrest close to the dorsal aorta and are induced to form the sympathetic ganglia. Cells that arrest more dorsally within the anterior sclerotome generate the sensory neurons and glia of the dorsal root ganglia, due (at least in part) to signals emanating from the neural tube. In contrast, those neural crest cells that migrate late travel laterally between the somite and the ectoderm, giving rise to melanocytes in amniotes, together with other pigment cell types in anamniotes (amphibians, fish). These same somitic constraints on the migratory paths taken by the neural crest are apparent in hagfish embryos, (62) indicating that this is a primitive character for vertebrates as a whole.
There is a correlation, too, between the timing of migration of cranial neural crest cells from the developing brain and the fates subsequently acquired by these cells. Early-migrating cells fill the pharyngeal arches and assume an ectomesenchymal fate, while late-migrating crest cells stay close to the neural tube and generate neurons and glia. However, there is no difference in potential between the early-and late-migrating cranial crest cells, hence, if late-migrating crest cells are substituted for early-migrating cells, they will fill the pharyngeal arches and make a substantial contribution to skeletal elements. (63) Thus, it would seem that the allocation of neural crest cells to an ectomesenchymal fate must involve environmental cues within the arches. One such cue has been shown to be FGF signalling. Pharyngeal epithelia express FGFs and neural crest cells express FGF receptors. If neural crest cells are rendered insensitive to FGF signalling, they will enter the pharyngeal arches as normal, but they will not assume an ectomesenchymal fate, instead persisting in the expression of early neural crest markers. (64) Indeed, FGF signalling plays an ongoing role in the development of ectomesenchymal derivatives. FGFs act to promote the proliferation and survival of the ectomesemchymal crest, (65, 66) and are required for differentiation. Absence of FGF function results in a failure in the formation of pharyngeal cartilages, (67, 68) and the culturing of neural crest cells in FGFs promotes skeletogenesis. (69, 70) However, it is likely that FGFs on their own are not enough to direct neural crest cells to ectomesenchymal fates and that other signalling molecules expressed by the epithelia are also required.
In addition to these extrinsic cues, neural crest cell multipotency requires intrinsic factors, especially cellular receptors, and transcription factors that help mediate the transcriptional changes that underlie fate specification. (71) It is clear, therefore, that underlying the cellular property of multipotency must be a molecular signature of diverse receptors. The tour de force gene regulatory analyses of Eric Davidson's group on sea urchins have become influential in describing gene regulatory networks that form the core of the developmental genetic circuitry for individual cell types. (72, 73) In this light, the acquisition of novel fates can, in many cases, be seen as simply requiring the co-option by neural crest cells of gene regulatory modules used in the central nervous system and other tissues. (14, 16) The attainment of new cell fate potential presumably requires the acquisition of new specification factor receptors and/or their 'wiring' into the regulatory circuitry driving new fates. The SoxE subfamily of transcription factors are intrinsic factors that are likely to have played a significant role in establishing ectomesenchymal crest during early vertebrate evolution. Sox9 function lies at the core of chondrocyte specification (74, 75) and, in all Sox10 mutants, ectomesenchymal derivatives develop but there is a failure in the formation of all non-ectomesenchymal derivatives. (76) This evidence suggests that, although there is evidence of considerable redundancy among SoxE genes (Sox8, Sox9, Sox10) in neural crest development, (77) (78) (79) (80) there is a distinct developmental programme that directs neural crest cells to become ectomesenchymal, and this must have evolved through subfunctionalization within the vertebrates. The SoxE group itself is as ancient as animals, (81) but its diversification into the three recognised paralogues evidently occurred in stem vertebrates; Branchiostoma and Ciona possess a single, preduplication SoxE gene, (14, 20) while lampreys possess Sox8 and Sox9 orthologues. (82) 
Expression of SoxE in
Branchiostoma is not associated with neural plate development (14) while the known SoxE genes in lampreys are associated with the development of ectomesenchymal neural crest derivatives. (82, 83) This suggests that SoxE genes were co-opted to the neural plate, and that they had a primitive role in neural crest development prior to their diversification in stem vertebrates. However, novel fate potential may emerge by moreconservative means. One relatively straight-forward mechanism by which this might be achieved is in cell fates that, whilst being novelties for the neural crest, are already part of the cellular repertoire of the organism. The melanocyte provides an effective example. Melanised cells are found in the central nervous system of invertebrate chordates, for example in the otoliths and ocelli of ascidians, and they are retained in vertebrates in the form of the pigmented retinal epithelium. In the case of both melanocytes, ascidian otoliths and ocelli (25) and the vertebrate pigmented retinal epithelium, melanogenesis is dependent upon a key transcription factor, Mitf. (84) (85) (86) (87) (88) (89) In zebrafish and mice, Wnt signalling is an important inducer of Mitf transcription in the neural crest. (90) (91) (92) Thus, it is likely that core elements of the gene regulatory network for melanogenesis in vertebrates exist in invertebrate chordates, integrated into CNS development so as to generate melanised cells in the CNS. Co-option of this melanogenic subroutine would require the incorporation of the Wnt growth factor/ receptor signalling pathway into the regulatory circuitry of Mitf, rather than derivation of the entire network from scratch. A transcriptional component of this core melanogenesis circuitry would seem to be Pax3/7 since Mitf regulation in mammals depends upon Pax3 (93, 94) and since Pax3/7 in ascidians can drive ectopic melanin. (89) How do these more specific novel cell fates emerge in development and evolution?-by direct development from undifferentiated neural crest cells, through the modification of existing differentiation pathways, or by transdifferentiation? We have presented evidence of fate segregation between ectomesenchymal and non-ectomesenchymal fates, and perhaps neuro-glial versus pigment cell fates, indicating that, at least at this level, there is evidence for cell fate novelty arising in evolution through the adaptation of existing pathways. Cladistic analysis of the characteristics of cell types bears out the expectation of nested similarity (Fig. 4) , (52) and this may serve as a predictive framework for investigating the regulatory gene network underpinning neural crest cell Figure 4 . Hierarchical relationships between principal categories of neural crest cell-type derivatives based on a cladistic analysis of their characteristics, undertaken by Vickaryous and Hall. (52) The analysis is based on a character matrix that encompasses aspects of cell phenotype, behaviour and labelling, and was subjected to both phenetic cluster analysis and cladistic parsimony analysis; only the results of the parsimony analysis are presented here. The hierarchy bears out the dichotomy between ectomesenchymal (e) and non-ectomesenchymal (n) fates. differentiation, which is already envisaged to follow multitiered hierarchical lineage segregation. (95) At present, there is little evidence for an hierarchical gene regulatory network underpinning alternative cell fates and evidence that many cell fates undergo transdifferentiation (96, 97) has been exploited to argue that novel cell types evolved by transdifferentiation. (52, 98) However, this line of reasoning serves only to commit the classic error of conflating a developmental process with an evolutionary pattern, (99) and it is likely that this view will be rescinded by an evolutionary perspective on accumulating experimental evidence on molecular basis of lineage segregation, fate determination and dedifferentiation. (95, 100) Conclusion Neural crest is both more and less than the sum of its gene regulatory network. There is no typological definition of neural crest to be captured. All of the evidence available to us indicates that neural crest is an evolving entity and, as such, the best that can be achieved is a diagnosis: a population of cells that emerges from the neural tube and migrates to the periphery where it differentiates and generates one or more characteristic derivative cell types. The inventory of derivative cell types has increased throughout vertebrate evolution, but many have also been lost in specific lineages, such as iridophores and xanthophores in amniotes. Thus, ascidian 'neural crest-like cells' fulfil expectations of an early grade of neural crest evolution. Insights into the evolutionary emergence of neural crest potentiality will always prove challenging because even the earliest branching vertebrate lineages with extant representatives manifest the main classes of neural crest derivatives. However, there is much more to neural crest evolution than its very origin. The repertoire of neural crest derivatives has expanded throughout vertebrate evolution (e.g. pigment, skeletal and particularly neuronal cell types) and the molecular and developmental basis of their evolutionary origins is a tractable subject that may provide insights into the events surrounding the early evolution of neural crest. Previously, the majority of research on the evolution of the vertebrates has been focussed on the understanding the origin of major anatomical novelties such as a differentiated nervous system, jaws and a skeleton. The evolution of the neural crest, apart from studies on its origin, has attracted precious little attention. However, as we have shown here, it represents the major challenge and an excellent opportunity for future research.
